For long-pulse plasma operation of the W7-X stellarator, one of the most serious challenges for the design of in-vessel diagnostic systems is the thermo-mechanical problem. Thermal load from convective losses and from plasma radiation can reach up to 500kW/m 2 at some locations close to plasma. The typical thermal load from plasma radiation alone ranges from 10 to 100 kW/m 2 as derived from 3-D Monte-Carlo simulations. Most plasma facing diagnostic components require active cooling for the longpulse plasma operation. Especially the design of optical components must be optimized to minimize thermal deformations. Finite element analyses (FEA) are performed for better understanding of thermomechanical problems on plasma facing components of diagnostics, and to guide the design of the diagnostic system. As examples the paper presents the FEA results of the Corner-Cube Retro-Reflectors for the CO 2 -laser interferometer and the movable pop-up probe arrays in the divertor.
Introduction
The superconducting stellarator Wendelstein 7-X (W7-X), now under construction in Greifswald, is designed for stationary operation (30 minutes) with continuous wave heating by ECRH with up to 10 MW power, and additional heating by NBI and ICRH with power up to 14 MW for 10s. The actively water cooled divertor target plates and baffles have been designed to withstand heat loads up to 10 MW/m 2 and 1 MW/m 2 , respectively [1] . The residual in-vessel area is covered by water cooled panels which are able to remove a power load of 200 kW/m 2 during steady state operation. The thermal loads on -2 - all plasma facing components are 10-100 kW/m 2 from plasma radiation alone [2] or/and ECRH stray radiation levels of 50 -200 kW/m 2 in high density scenarios [3] . Even outside the divertor additional convective loads on components located close to plasma edge can reach up to 500 kW/m 2 . Therefore, the particularly challenging task to design diagnostics compatible with steady state operation is solved by proper shielding and active cooling. Diagnostic components located behind such a heat shield require individual cooling also, as thermal radiation from the cooled but still rather hot shielding components is rather high. In the cases of direct exposure of diagnostic components like mirrors, detectors and windows, the direct radiative thermal loads from the plasma cannot be avoided. For optical components the thermal deformation must be taken into account and should be minimized according to the restriction peculiar to the individual optical component. Therefore, the thermo-mechanical analysis is a critical design step for the design of diagnostic systems under steady state operation.
2.

Heat loads on plasma facing components of diagnostics
The design of the plasma facing components of diagnostics needs the consideration of the maximum heat load. A 3-D Monte-Carlo simulation code has been developed to calculate the expected radiative power loads for various assumed radiation profiles: such as centrally peaked, parabolic and edge peaked radiation. The calculated maximum thermal loads from plasma radiation at the entrance of diagnostic ports is about 50 -70 kW/m 2 [2] . Similar calculations were performed for the radiative heat load inside the ports. The results indicate that the thermal load at a retracted position of 1 m distance to the port entrance is still a few kW/m 2 as shown in Fig. 1 . In some cases the direct exposure of diagnostic components, for example the Corner-Cube Retro-Reflectors (CCRs) of the multichannel CO 2 -Interferometer diagnostic, to radiative thermal loads of 90 kW/m 2 results in an, for an interferometer unacceptably large, deformation of the reflector surfaces (see section 3). For spectroscopic diagnostics an actively water cooled sapphire window has been designed and tested in the laboratory. It has been shown that the window is able to withstand heat loads of up to 58 kW/m 2 [4] . Diagnostics like the diamagnetic loop or the soft-X-ray multi-camera tomography system (XMCTS) are expected to be additionally exposed to convective loads of up to 500 kW/m 2 due to their proximity to the plasma edge [5] . A special heat shield made of graphite tiles (on the plasma facing side) clamped onto a copper-chromiumzirconium (CuCrZr) heat sink with brazed stainless steel (SS) cooling tubes has been designed to -3 - withstand this heat load of 500 kW/m 2 [6] . In the case of the XMCTS diagnostics, a water cooled heat shield is needed to protect the camera body from high plasma thermal load. Not only the thermal radiation from the hot rear side surfaces of the heat sink with temperatures of ~400 o C, which alone results in thermal loads of ~ 6 kW/m 2 , but also the plasma radiation through the observation pinhole in the heat shield contributes significantly to the thermal load onto the detector. Since the Si-detectors require a working temperature below 30 o C the cameras still need direct active cooling [6, 7] . For probe diagnostics in the divertor it has been proposed to install movable (pop-up) probe arrays in poloidal gaps between divertor target modules. The probe tips are exposed not only to high thermal loads of about 50 MW/m 2 during the short probe operation, but also to prolonged radiative load form the plasma and hot divertor target at retracted position. The thermal analysis for the probe system is presented in section 4.
3.
Corner-Cube Retro-Reflectors
Due to non-planar coils with complex shape and the divertor structures it is not possible to have large ports poloidally opposite to each other [8] . Therefore two diagnostics, the Far Infrared (FIR)
Polarimeter and the multichannel CO 2 -Interferometer must use Corner-Cube Retro-Reflectors (CCR) for measuring density profiles. The CCR consists of three mutually orthogonal reflecting surfaces which form a corner of a cube and make the reflected beam parallel to an incident beam regardless of the incident angle. The multi-channel CO 2 -Laser interferometer requires 11 CCR which have to be integrated in the first wall tiles of the cooled heat shield. Necessarily the CCR aperture itself is directly exposed to the plasma. Expected power flux in standard operation is about 90 kW/m 2 from plasma radiation. For steady state operation the main design challenge is to guarantee the optical requirements for these CCR with respect to surface flatness; in particular that over a laser spot of 8 mm diameter the relative deformation perpendicular to the mirror surface on the three reflector surfaces is fulfilled, namely, that it stays well below 1 μm. The CCR is still in the conceptual design phase with the following main issues which concern the thermo-mechanical design: (a) material selection for CCR, (b) incorporation and cooling of the CCR, and (c) fastening of the CCR with minimum relative deformation of the CCR mirror surfaces.
As its aperture is open to the high temperature plasma the CCR ideally should use low-Z materials.
However, the required combination of good heat conductivity and low thermal expansion for the CCR -4 -itself forces to consider molybdenum (Mo) or tungsten (W) as a reflector material. For the first design Mo was used ( Fig. 2a ). Three plates (6 mm thickness, 18 mm width) were mutually fastened, and one of the three plates was clamped by a SS plate to the CCR housing (possibly made of CuCrZr) as shown in Fig. 2b . The CCR housing is tightly fastened to the heat sinks of the cooled heat shield (Fig. 2c ). The optical aperture for the CCR is restricted to 2.54 cm in diameter due to space limitations (Fig. 2d ). The design allows removing the CCR for maintenance or cleaning during shutdown. The distance between tile surface directed towards the plasma and the vessel wall is about 35 mm minimum. The finite element thermal analysis was carried out for a heat load of 90 kW/m 2 onto the heat shield and the Mo-CCR reflectors, and with the cooling water temperature fixed at 40 o C. Perfect thermal contact between the clamp fastened to one of these Mo-plates and the cooling house was assumed. Figure condition. The calculated results show that for this design the deformation perpendicular to mirror surfaces of the reflectors is 0-10 μm over a laser spot of 8 mm diameter. In order to confirm whether such deformation resulted from an inhomogeneous surface temperature distribution, a FE analysis was also performed for the case when each of the three reflectors was cooled to 270 o C at its rear sides (this back surface temperature being derived from the single reflector cooling). As a result the surface temperatures then became rather homogenous. Over the laser spot the temperature then varies by only < 2 o C around the 272 o C level. However, the relative deformation perpendicular to mirror surface is still 0 -7 μm. Therefore this deformation is mainly determined by the mutual stiffness of the fastened CCR plates.
-5 -As a consequence second design aimed to minimise thermal mechanical stresses. The geometry of the Mo-CCR was improved by introducing appropriate slits between the reflector plates to allow for their free thermal expansion as shown in Fig. 4a . The geometry of one reflector plate is shown in Fig. 4b . The distance between top surface (mirror surface) and bottom surface (interface to cooling structure) varies from 3 mm to 21mm, which is different from the uniform thickness of the reflector in the first design. Figure 5b shows the displacement distribution of the reflector in the direction perpendicular to the mirror surface. Although the maximum relative deformation of the whole surface is about 3 μm, the deformation over a laser spot of 8 mm diameter centred at the mirror surface is less than 1 μm (Fig. 6b ). Therefore it is concluded that the cooling and fastening interface close to the bottom edge results not only in a small temperature variation across the top surface, but also allows to minimize the impact of the stresses.
3.
Probe arrays within the divertor
Target-integrated arrays of electrostatic Langmuir probes are usually used to measure basic plasma parameters close to the divertor targets. Such probes have to withstand the same or even higher thermal loads than the divertor target plates themselves. This means that, for long-pulse or steady-state operation, -6 -fixed probe tips have to be flush mounted and actively cooled. This solution could result in problems with interpretation of probe characteristics due to very shallow angles of incidence between flushmounted probe surfaces and magnetic field lines. Beside this, cooling equipments for a large number of probes would, according to the present divertor concept, spatially interfere with the target cooling supply.
In order to avoid these problems it has been proposed to install movable (pop-up) probe arrays without active cooling and with the tips repeatedly, but shortly exposed to the divertor plasma [9] . The arrays (32 probe tips per array) have to be fitted into poloidal gaps between target modules. The probe tip with an oblique plane front face at an angle of about 10 o with respect to the magnetic field is expected to be exposed to a heat load of about 50 MW/m 2 (convection and conduction) at an exposure position of 2 mm in front of the target surface for a time interval of 50 ms. On the other hand, the retracted position of the probe tip should exclude direct heat load parallel to the field lines as well as perpendicular load due to anomal transport. A stand-by position of ≈ 3 mm behind the target surface seems to be adequate.
However, the probe is still heated by the thermal radiation from both the plasma and the hot divertor target at stand-by position during 30 minutes steady state operation. In order to avoid a thermal overload, the thermal behaviour of the probe arrays has been investigated based on the present concept design.
A simplified 3D FE model was created for the thermal analysis of the probe as shown in 
4.
Summary FE thermal-mechanical analyses have been carried out for the design of main in-vessel diagnostics.
For Corner-Cube Retro-Reflectors (CCR) main deformation arrives from the internal stiffness of the structure. Thermo-mechanical analyses indicate that in order to allow for a homogenous surface temperature and additionally reduce stress the CCR structure should be designed as high (massive) as possible within the allowable space, and the fastening interface should be as distant as possible from the mirror surface. In order to verify the accuracy of the model calculations, appropriate tests for the CCR are needed and are under discussion. Further FE analyses will be performed for the design of the CCR in realistic geometry, for in-homogenous heat loads, and different fastening structures as well as materials.
For the planned pop-up probe arrays a fast back and forth motion is absolutely necessary to avoid overheating of the measuring system. As main result of the FE calculations it can be concluded that for -8 -movable probe arrays relying on inertial cooling the temperatures of all components remain in the acceptable range. Further thermal analyses will include a realistic support structure. Table 1 Material properties 
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